An electrical conduction versus temperature model using a Hall device was developed. In the case of InAs, InGaAs, and GaAs MBE epilayers, the prediction agrees well with the experimental results. Herein, we explain here how these calculated fractions of total conductivity describe the measured values. The method allows for the calculation of the carrier concentration and mobility of each component of a multicarrier system. The extracted concentrations are used to characterise the different components of charge transport in the active layer. The conductance values G [S] of these components of charge transport were obtained. Also the scattering events for the investigated samples are presented. The analysis of the experimental results for three semiconductor compositions and different concentrations demonstrates the utility of our method in comparing the conductance of each component of the multilayered system as a function of temperature.
Models

Two Layer Model.
We take as an example a physical twolayer model according of thin InAs MBE layers. After etching step by step Grange et al. [1] obtained a 1 m InAs MBE layer with the concentration profile shown in Figure 2 ( ). Near the interface with the GaAs substrate, the researchers measured the concentration to be as high as = 1 ⋅ 10 18 /cm 3 . This result is in agreement with the TEM image presented in Figure 1 obtained by Fawcett et al. [2] . We proposed that the MBE layer of InAs consists of two parts:
(i) a strongly defected layer measuring 1 in thickness,
(ii) a correctly formed layer measuring 2 − 1 in thickness, where 2 is the metallurgical thickness.
We present in Figure 2 data regarding the concentration values obtained by many authors. The following equation is used to relate the experimental concentration data with the InAs layer thickness:
where 1 = 2 ⋅ 10 19 cm −3 , 1 = 18.2 ⋅ 10 −8 cm, and 2 = 1 ⋅ 10 15 cm −3 . Therefore one can convince one's self that the two-layer model may be practically used in our calculation.
Calculation Background.
Electron and hole concentrations are derived by the numerical solution of the neutrality equation:
where = + ,ℎ is the total conductivity electron concentration,
,ℎ is the net concentration, is the concentration of the donor-like states, is the concentration of the acceptor like state, is the effective density of states in the valence band, To obtain the mobility, we numerically integrate the equation
ii( ,ℎ) + 1 dp( ,ℎ)
where the number of used values depends on values presented in Tables 4, 8 , and 12 and the scatterings times are presented in Table 1 .
Introduction
Structural inaccuracy, especially in layered structures, is one factor that affects how the magnitude of a magnetic field influences measured charge transport properties [3] . While studying the transport properties of HgCdTe layers, Gold and Nelson [4] reported on the influence of different charge carriers using Hall characterisation. An exhaustive review concerning these phenomena was undertaken by Meyer et al. [5] . Such disorder was first described and interpreted by the so-called mobility spectrum by Beck and Anderson [6] and many papers have focused on this problem [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . For the proper characterisation of a multicarrier conduction system, the number of independent measurements must match the number of desired physical quantities. In actuality, the complete characterisation of multicarrier conduction is extremely complex. Even for two-carrier conduction, one must make four independent measurements to calculate the individual carrier concentration and mobility of each component [21] . To this end, other methods, such as the maximum entropy approach [22] or the application of Bryan's algorithm [23] , must be considered. The concept most often used in the ii , dp , po , pie , sc , disl ii , disl ii , disl characterisation of mobility spectra has been described in many papers by Antoszewski and collaborators [12, 24, 25] . The main features of the above-mentioned methods are as follows.
(1) The Hall voltage of the investigated semiconductor is not proportionally dependent on the magnetic field.
(2) Such behaviour in the conductivity process results in charge carriers (electrons and holes) with different mobilities.
(3) The mentioned authors [6, 12, 24, 25] used different mathematical approaches to obtain mobility spectra from mobility and conductivity data.
In cases in which this concept is applicable, the calculations are supported by the conductivity tensor dependence on the magnetic field [6] :
where ( ) = + ( ) → > 0; or ( ) = − (| |) → < 0 and + ( ) and − ( ) are a pair of conductivity density functions.
Equation (5) allows for the treatment of the nonlinear magnetic field dependence on the Hall effect [10] . Many experimental results have been analysed using this method [8-12, 24, 25] . Antoszewski et al. concluded that a major advantage of mobility spectrum analysis (MSA) and quantitative mobility spectrum analysis (QMSA) over other methods is that these procedures are inherent not arbitrary that is, no prior assumptions are required [24, 25] . These investigators suggested that their improved (QMSA) method has sufficient reliability, versatility, and sensitivity for their proposed analysis which is fully computer-automated, using magnetic field dependence data as input. Our approach accounts for several sources of charge carriers as components contribution to the total conductivity of a semiconductor layer [3] . These sources form the parts used to solve the neutrality equation, and the solution is obtained by numerical computer calculation. The values of 2.14 ⋅ 10 such charge carrier sources are chosen such that the calculated concentration curve approximates the experimental data [3, [26] [27] [28] [29] [30] [31] [32] , as demonstrated for our samples (Table 2) by the example in Figure 3 . We believe that the measured conductivity is affected by the presence of different donors in the semiconductor layers. Our model contains four charge carrier sources: two donors-one shallow ( 1 ), located under the conductivity band ( 1 ), and one deeper ( 2 ); one unknown X, which in our approach, can be donor-like or acceptor-like, depending on the temperature; and one acceptor ( ) as the source of holes. The elements 1 , 2 , and are located in the bulk of the epitaxial layer while X is located at the interface between the substrate and the semiconductor within the first atomic layers (for an explanation of this concept, see Section 1-Models). We numerically solve the neutrality equation, thereby combining the values of 1 , 2 , X, and together with their energies of activation, until we obtain the curves n(T) or (T) lying as closely as possible to the experimental data at temperatures of 4-300 K. With values for n(T) and (T) and using wellknown physical relations (see Section 1-Models), we can calculate all transport properties needed to determine the conductance values. The negative values of the calculated transport parameters show that at the appropriate temperatures, charge carriers show hole-like properties. We suppose that our approach does not lose the physical interpretation of each step. The results were carefully analysed to ensure that the numerical calculations provided an accurate physical model of the studied effect. ii , dp , po , pie ii , po , sc ii , po , sc ii , dp , po , pie , sc
Experimental
The procedure for epitaxial layers of InAs is described as an example. The layers were obtained by molecular beam epitaxy (MBE) in a Riber 32P reactor on GaAs (001) substrates. The preparation conditions are presented in Table 3 . The layers exhibited very smooth surfaces and good crystallographic quality (RHEED results) and electrical properties (Hall measurements). The electrical properties are measured "ex situ" by the Hall effect (measurements currents of 10 −4 A-10 −3 A in a 0.6 T magnetic field). The Hall device had a square-shaped configuration with dimensions of 5 × 5 mm. The ohmic contacts of the device were made of In 99% + Sn 1% alloy in a Bio-Rad Micro-science-Division (RC2400 Alloying Furnace). The linearity of the contacts characteristics were verified before each Hall effect measurement. All layers were intentionally undoped. The measured n-concentration of the wafers resulted from technical factors of preparation. In 0.53 Ga 0.47 As layers were deposited by MBE on SI-InP and GaAs as well as SI-GaAs. We carried out the calculations as described previously [3] for a few samples of InAs, In 0.53 Ga 0.47 As and GaAs with different charge carrier concentrations [3, [26] [27] [28] [29] [30] [31] [32] . The procedure consisted of the following steps:
(1) numerical solution of the neutrality equation, (2) numerical calculation of the mobility of each component of the neutrality equation versus temperature; (3) after determining the values for concentration and mobility versus temperature, we could obtain the conductivity values.
To validate the accuracy of the calculation, we compared the resistivity versus temperature, that is, calculated the curve using experimental data as in Figure 3 (resistivity was measured without a magnetic field; see Figure 4 ).
We present a more detailed example of the calculation for an InAs sample measuring 9.0 m thick (see Tables 2, 4 , 5, 6, and 7, and all figures) [28] . The InAs samples have the lowest (Table 2) . The results are presented in Figures 3, 4 , 5, 6, 7, 8, 9, and 10 with the parameters used to solve the neutrality equation (according to [3, 32] ). In addition to the results presented in [28] , we provide the Hall curves calculated by using the dependence = ⟨ 2 ,ℎ ⟩/⟨ ,ℎ ⟩ 2 and the calculated values of , , and 2 versus temperature in Figures 11, 12 , 13, and 14. we used the metallurgical thickness of the epitaxial layer, which allowed us to calculate the conformity between the thickness values used to solve for the concentration and resistivity versus temperature. At low temperatures, there was an increase in concentration (Figure 3) , which was probably due to the presence of impurity band conduction. The sample has an additional donor concentration 2 at 0.13 eV below the bottom of the conduction band. This level is near /2 for InAs (Table 2 ). This conductivity concentration (n) was used to calculate the resistivity-temperature (Figure 4 ) and the mobility-temperature curves ( Figure 5 ). The calculated Hall concentration below ∼100 K lies distinctly under the experimental data. We also verified the ratio of n to the density of states value in the conductivity band versus temperature curve. This ratio determines the degeneration probability in the investigated sample. Unfortunately, below ∼15 K, its value is greater than 1; therefore, all calculations below that temperature that use Boltzmann statistics are problematic (Figure 6 ). It must be explained here that our charge transport model was very accurate only for the GaAs samples (Table 13 ) and the calculated values using the numerical method were sufficiently reliable. With respect to the two other semiconductors, our model was less accurate. The neutrality equation was properly solved for all investigated samples; therefore, we believe that the concentration values are consistent with the experimental results. However the InAs and InGaAs samples presented problems with the wafers exhibiting very high concentrations at temperatures below 200 K (InAs (Table 5) and InGaAs (Table 9) ). The resistivity curves (conductivity parameters) show very satisfactory behaviour. The calculated curve approximately agrees with the experimental data at all temperatures with some discrepancies only at temperatures below 15 K. This disagreement is most marked below 100 K, when the concentration is near 10% of the number of states in the conduction band ( Figure 6 ). The great influence of the spacecharge scattering mechanism of the ⋅ product (where is the density of space charge regions and is their effective scattering cross-sectional area) must be underlined.
The Hall mobility measurements (as in Figure 5 ) lead to the conclusion that the theoretical disagrees with the real value ,experimental ≈ 1 at lower temperatures (approximately as low as ∼100 K).
We now present the results of mobility calculations of each component obtained after solution of the neutrality equation (Figures 7-10) . At lower temperatures, donors named D2 marginally influenced the total mobility; their numbers were so low that they could be omitted (they have important influence at temperatures 200-300 K). It must be noted that calculated Hall effect curves (Figures 3 and 5 curves in red) lightly disagree with experimental points. The conductivity effect curves show much better compliance with the experiment, especially at low temperatures. Using the measurements procedure as described for the GaAs sample, we obtained results that allowed us to determine the components of conductivity for these samples ( Table 2 ). The scattering mechanism used for this calculation and the pertinent values are shown: for InAs in Tables 4, 5 , 6, and 7, for In 0.53 Ga 0.47 As in Tables 8, 9 , 10, and 11, and for GaAs in Tables 12 and 13. It may be concluded that with increased doping concentration of the InAs samples (Tables 5-7) , fewer scattering mechanisms as determined by the calculation of the conductivity components apply (Table 4 ). The 23rd row of each table shows the values of the ratio of the calculated conductance ∑ + + 2 used to measure for each structure. This ratio must be approximately equal to 1. The actual values are presented in Figure 15 . In Figures 16, 17, 18, and 19 , the conductance components for a 4. (Table 4) .
Figures [16] [17] [18] [19] show that the changes in the conductance components of InAs changes are independent of temperature. The main part of the conductance is attributed to the part of the charge carriers. In Tables 5-7 , some samples show a higher sum of the conductance components relative to the measured resultant conductance. We suppose that this is associated with the principles of the numerical calculation, which give approximate values. Also, the theoretical model that was used may be less accurate, due to the slightly higher doping of the semiconductor samples.
The scattering mechanism considered in for InGaAs calculation, the conductance components values, and the results of the calculated parameters are shown for 1.0-7 m samples at temperatures of 70 K, 200 K, and 300 K in Tables  8-11 and in Figures 21, 22, and 23 .
The actual the values given in line 23 of Tables 9-11 (InGaAs) are presented in Figure 20 . The values of were derived from experimental calculations and are equal to those for the samples with n < 1.10 16 cm −3 ; however, for higher concentrations, the measured is equal to 1 and is different from that calculated according to equation = ⟨ (Tables 9-11 ).
The scattering mechanism used for the GaAs calculations, the conductance components values, and the results of the calculated parameters are shown for 1.7-4.25 m samples at temperatures of 70 K, 200 K, and 300 K in Tables 12 and 13 , and those for the 1.7 m sample alone are shown in Figures  25, 26 , and 27.
The actual values shown in line 23 of Table 13 (GaAs) are presented in Figure 24 . In nearly all samples, the ratio Journal of Materials ∑ + + 2 / (Figure 24 ) is approximately equal to 1. Only at 300 K is the concentration slightly higher in GaAs 4.25 m and GaAs 1.7 m. From Figure 24 , one can conclude that practically all GaAs samples present a ∑ + + 2 / value equal to ∼1.
Conclusions
As a followup to our previous papers [3, 32] , herein we present a potential application of the modelling and numerical simulation of material properties for three semiconductors InAs, In 0.53 Ga 0.47 As, and GaAs as MBE layers by our MCF method using Hall structures. We have found three sources of current carriers, ,
, and 2 , whose sum should theoretically be n. We obtained the best results of numerical simulation for GaAs samples; for InAs and In 0.53 Ga 0.47 As, our method is limited. The use of different scattering mechanisms (Tables 4, 8 , and 12) allows for a more exhaustive description of conduction in the investigated MBE layers. We believe, nevertheless, that, in this paper, we demonstrate a novel application of the solution of the neutrality equation and relaxation time approximation by numerical calculations. It is also clear to us that some improvement in the theory of conduction in thin semiconductor layers formed by MBE is required.
The scattering mechanisms used to calculate the charge transport properties (Tables 4, 8 , and 12) indicate that the crystallographic quality of samples composed of the same material may vary. Only the GaAs samples (Table 13 ) present the same value for the scattering mechanisms ( ii , po , sc ) in all of the investigated samples. The purest samples are those that have the largest thickness. Such behaviour agrees with our previous observations [3, [27] [28] [29] [30] [31] [32] .
The presented method for the numerical modelling and calculation of conductance components allows us to determine what parameters affect the total conductance. We calculated only the charge transport properties of carriers that originate from donors and acceptors using the solution of the neutrality equation. This solution is obtained such that the concentration versus temperature curve satisfactorily lies on the experimental data. The same applies to the resistivity and mobility. These three dependences underline the reliability of our calculations. In conclusion, we assume that our modelling method allows for the determination of the conductivity components strictly connected with experiments in relatively weak magnetic fields.
